The application of an off-axis negative-branch unstable resonator to an active medium of rectangular geometry is examined. The presented unstable resonator consists of spherical mirrors and a scraper mirror. The adaptation to the rectangular cross section is performed by the scraper, which takes two different shapes. One shape resembles a rectangular bracket "[" and the other resembles the letter "L." The [ and L configurations correspond to a shift of the optical axis away from the center of the cross section, toward one of the edges or toward one of the corners, respectively. Both scraper setups are examined numerically and experimentally. Experiments are performed with a multikilowatt class chemical oxygen iodine laser. The active medium is characterized by a low amplification coefficient. Measured results of the intensity distribution in the far field and of the phase distribution in the near field are shown for both resonator configurations. Using the same resonator magnification, the setup with the L-shaped scraper has a lower output coupling and, therefore, a higher output power and a slightly higher beam divergence. The L-shaped scraper configuration is able to cover the gain medium completely.
Introduction
Ideally, a laser resonator fulfills several requirements simultaneously: the outcoupled laser beam operates in the single mode with optimum beam quality, the mode volume covers the complete gain medium, the power extraction is as high as possible, and the optical setup is not too complex and not too sensitive against disturbances or tilts of the resonator mirrors. For a laser medium with a large cross section and a low small signal gain, one often has to make a compromise with at least one of these requirements. Stable resonators excite high order modes due to the large cross section. This leads to a high beam divergence. In case of low gain, unstable resonators are restricted to a small resonator magnification M. The outcoupled radiation of a conventional unstable resonator has the form of a thin ring (in spherical geometry) and the resulting large diffraction effects lead to a very structured far field [1] . Other resonator concepts, like ring resonators and hybrid resonators, have deficiencies in complexity and sensitivity [2] [3] [4] [5] .
In earlier publications, a modified negative-branch unstable resonator (MNBUR) was introduced [6, 7] . The main intention for the application of the MNBUR is to reflect one-half of the radiation ring, which is coupled out of the standard unstable resonator, back into the resonator. This ensures that all the power is coupled out on only one side of the output mirror and the near field gets the form of a 0003-6935/11/010011-06$15.00/0 © 2011 Optical Society of America half ring (spherical geometry). Because the backreflected light is magnified again by the resonator, the resulting width of the half ring is increased compared to the full ring coupled out of the standard unstable resonator. This increased width of the near field leads to less diffraction effects at the output mirror and the sidelobes of the far field are reduced. The optical axis of the resonator is not in the center of the cross section of the gain medium anymore, but is shifted toward one of its edges (off-axis configuration). This shift increases with the magnification M of the resonator. The output coupling is done with a scraper, which can be placed between the output mirror and the gain medium or between the gain medium and the total reflector. For rectangular cross sections of the active medium, a scraper with the form of a rectangular bracket "[" has already been presented [7] . Within this paper, a different MNBUR setup for rectangular geometry is presented, which makes use of a scraper in the form of the letter "L." The back and the output mirror remain spherical for both scraper configurations. A negative-branch setup is used here, because a confocal positivebranch resonator shows a higher misalignment sensitivity due to the larger mirror radii. The off-axis setup of a positive-branch unstable resonator with L-shaped output coupling has been shown elsewhere [8] .
The experiments have been done with a chemical oxygen iodine laser (COIL) of the multikilowatt class [9] . The laser gas is expanded by supersonic nozzles into a channel of rectangular geometry. The optical access to the active medium has a height of 25 mm and a width of up to 36 mm. The gain length is 200 mm. The small signal gain was determined to be about 1:1 m −1 and is nearly homogeneously distributed along the cross section [10] . The optimum output coupling is between 4% and 10%, according to a Rigrod analysis. The wavelength of the laser light is 1:315 μm.
The resonator layout is based on theoretical feasibility studies. Furthermore, the resonator performance is numerically predicted. The numerical computations use the integral equation of the Fresnel-Kirchhoff formulation of Huygens' principle [11] . The integral equation is solved numerically with the Fox-Li method [12] . The number of calculation points on the resonator mirrors amount to 1201 in x and to 801 in the y direction. Numerical convergence is reached after about 600 round trips for low magnification and 30 for a large magnification of about M ≈ 2. The improvement of beam quality was the principle object of the work and, therefore, the gain distribution of the laser medium is not considered. Former calculations have shown that low gain gas resonator modes are nearly indistinguishable to bare resonator modes.
L-Shaped Scraper for the MNBUR
In a former setup of the MNBUR for rectangular cross sections, the optical axis is shifted from the center straight toward one of the edge lines of the medium cross section [7] . As a result, a scraper in the form of a rectangular bracket "[" is used for the output coupling (Fig. 1) . However, this setup has two disadvantages. First, not the complete gain medium is covered by the radiation field. The percental amount of the area of the cross section of the active medium that is covered by the radiation field is dependent on the magnification M and can be calculated to 100 · ð1 − ðM − 1Þ=ðM · ðM þ 1ÞÞ in a confocal arrangement. The minimum coverage is reached by a magnification of approximately M ¼ 2:41 and is calculated to 82.8%. At magnifications M below 1.3 or above 7.7, the coverage is larger than 90%. The second disadvantage regards a more practical background. For each new resonator configuration with different magnification M, a new scraper is needed, because all scraper dimensions will change. This increases the cost for every new setup.
Instead of constructing an MNBUR, where the optical axis is shifted straight toward the edge lines, it can be moved along a diagonal path toward one of the corners of the cross section. As a result, a scraper in the form of the letter "L" can be used for the output coupling. In Fig. 2 , the experimental setup is shown. The back mirror (BM) and the output mirror (OM) are spherical and build up a negative-branch unstable resonator. The radii of curvature of the mirrors (R BM and R OM ) define the resonator magnification M by M ¼ R BM =R OM . The scraper is positioned between the gain medium and the output mirror with an angle to the optical axis. The lower part of Fig. 2 shows a view onto the output mirror from inside the resonator. Three areas are shown: the cross-section of the gain medium, the radiation field reaching the output mirror, and the projection of the scraper onto the output mirror, i.e., the part that is coupled out of the resonator. The diagonal shift of the optical axis and the optimum position of the scraper are dependent on the dimensions of the gain medium and on the magnification M of the resonator and are given here for the confocal case. The calculations for the optimum dimensions of the [-shaped scraper are shown elsewhere [7] .
Both disadvantages regarding the use of a [-shaped scraper are not valid for the case of an Lshaped scraper. The radiation field covers the complete rectangular gain medium and the same scraper can be used for different resonator setups. The dimensions of the scraper are still dependent on the magnification M and can be seen in Fig. 2 , but these are minimum dimensions. The arms of the L-shaped scraper can be made long and broad enough to be used with different resonator configurations by simply shifting the scraper in a diagonal direction.
Experimental and Numerical Results
In this work, the proof of principle of the MNBUR with an L-shaped scraper is performed with a multikilowatt class COIL. The application of an MNBUR with a [-shaped scraper and a resonator magnification M of 1.04 yields an output power of 6:3 kW and an output coupling of 5.4%. But due to the very small magnification, the far field is clearly structured. In order to get more power in the main lobe of the far field, a larger resonator magnification of M ¼ 1:136 is used here. The radii of curvature of the back and the output mirrors are R BM ¼ [-setup and L-setup) are compared experimentally and numerically. The only difference between the configurations is that the [-setup is designed to make use of a slightly wider cross section of the gain medium (25 mm height and 34 mm width) than the L-setup (25 mm height and 32 mm width). Former experiments with stable resonators of different cross sections applied to the COIL showed no reasonable difference in output power between those both cross sections [9] .
In the numerical calculations, a cross section of 25 mm × 34 mm is used for both setups, bringing up different output couplings. For the [-setup, it is calculated to 20.7% and for the L-setup to 19.5%. As expected from the higher output coupling, the measured maximum output power for the [-setup is lower (2:0 kW) than for the L-setup (2:4 kW). Furthermore, the [-setup utilizes only 94.4% of the gain medium.
The far field is measured in the focus of a spherical mirror with a focal length of 4845 mm. The experimental results and the numerical calculations are shown in Fig. 3 . The x direction denotes the geometrical width and the y direction the geometrical height of the distribution (according to the cross section of the gain medium). Experiment and theory show identical trends. The width of the main lobe of the far field obtained from the L-setup in the x direction is only half of the width obtained from the [-setup. In the y direction, the widths are approximately the same. This is reasonable, because the near field obtained from the L-setup is much longer in the x direction (32 mm to 18 mm), but not in the y direction (both 25 mm). The power content of the main lobe of the [-setup is approximately 25% higher. Concerning power density, the L-setup yields a higher value in the main lobe.
The broader near field of the L-setup also leads to a shorter distance between the side lobes of the far field in the x direction. Furthermore, the power is more concentrated along the main y axis. This leads to a more crosslike shape of the far field. As a result, the divergence θ of the far field is slightly larger for the L setup. The divergence is defined by the width of the distribution, where the peak intensity of the far field is reduced by a factor of 1=e 2 . Measured divergences are obtained here by the width, where the intensity of the envelope of the distribution is dropped to 1=e 2 of the maximum intensity. Divergences of θ x ¼ 0:38 mrad and θ y ¼ 0:42 mrad are obtained for the [-setup and θ x ¼ 0:36 mrad and θ y ¼ 0:60 mrad for the L-setup. The same trend is given by the numerical calculations. The total second-moment-based beam propagation factor (M 2 -factor) for the far field of the [-setup is calculated to 16.8 and for the L-setup to 23.4. For a comparison, the numerical calculation applying a rectangular standard unstable resonator with the same cross section and magnification yields an M 2 -factor of 42.6 with an output coupling of 18.7%.
The phase of the near field of the L-setup is measured with a Relay telescope and a lateral shearing interferometer (SID4 from Phasics SA). The resolution is 160 pixels in the x direction and 120 pixels in the y direction, with sensor sizes of 4.8 and 3:6 mm, respectively. The magnification of the image is 0.116. A typical result is shown in Fig. 4 . All pixels with intensities smaller than 1=e 2 of the maximum intensity have been discarded and the Goldstein phase unwrapping algorithm has been applied. Wavefront measurements collected with 4 Hz during a 20 s laser operation have been used to get an average peak-to-valley value of P-V avg ¼ 1:966λ AE 0:29λ and a root-mean-square of RMS avg ¼ 0:309λ AE 0:034λ. With this average deformation of the wavefront, the Strehl intensity can be calculated [13] . The inverted square root of the Strehl intensity ratio is a measure for the beam quality (here called BQ Strehl ¼ 6:58) and is calculated to BQ Strehl ¼ 6:58. Another measure for the beam quality is obtained from a comparison of the measured divergences of the laser beam to a calculated far field created by an Airy distribution of a rectangular near field having the same edge lengths. This ratio, here called β, is measured in both directions of the L-setup to β x ¼ 6:3 and β y ¼ 8:2, respectively. Hence, the results for beam quality obtained from measurements of intensity distortions fit quite well with the ones obtained from wavefront distortions.
The general low sensitivity of the MNBUR against tilts of the resonator mirrors and shifts of the scraper has been demonstrated elsewhere [6, 7] . The experiences with the L-setup and the [-setup used within this paper confirm these results. A critical issue is the resonator length. In a set of experiments with Both resonator setups have been tested with a multikilowatt class COIL. Because of the low resonator magnification, other resonator types (such as hybrid resonators) yield better beam qualities at this power level. But the [-setup and the L-setup show their real potential for COIL at higher magnifications. In Fig. 6 , the numerically calculated output coupling and the divergence angle of the main bulk (defined by the first minimum in the far field) are shown in dependence on the magnification M. A higher magnification leads to a higher output coupling and also to a higher divergence of the main bulk. The higher divergence is accompanied by a higher power content of the main bulk. At a magnification of 1.136, the main lobe contains 18.4% of the total output power and, at a magnification of 2.167, it already contains 74.5%. A high power density inside the main bulk is important for many high energy applications.
Calculations have been also done for a typical gain medium of a 100 kW class COIL. The cross section of the gain medium is 50 mm × 34 mm and the resonator magnification is 1 
Summary and Conclusion
A [-shaped and an L-shaped scraper have been used to build off-axis negative-branch unstable resonators in a rectangular geometry. In comparison, the broader near field obtained with the L-scraper setup has two main effects on the far field. First, it provides a narrower main lobe and, therefore, a higher power density in the main lobe. Second, it shows a higher power concentration along the main axes of the far field and, therefore, a slightly higher divergence. The L-setup has the advantage that the complete gain medium is covered and that one scraper can be used with different resonator magnifications.
In the case of a 10 kW class COIL, the low amplification coefficient makes the use of hybrid resonators more feasible than the application of an MNBUR. But in contrast to hybrid resonators is the performance of the MNBUR regarding improved beam quality at larger medium cross sections, whereas the complexity of the setup stays the same.
In summary, the modified (or off-axis) negativebranch unstable resonator yields a less structured far field than the standard unstable resonator without a gain in complexity of the setup. Compared to the off-axis positive-branch setup, a negative-branch setup has also the advantage of a much reduced sensitivity against mirror tilts. The application of the off-axis negative-branch unstable resonator with [-shaped or L-shaped scraper is not restricted to the COIL, but can be easily applied to all gain media with rectangular geometry, where a standard negative-branch unstable resonator is already a reasonable choice.
